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Abstract 

As a first step towards the construction of a general electroweak effective Lagrangian incorporating heavy states, we 
present here a simplified version where only vector and axial-vector spin-1 triplets are involved. We adopt an effective 
field theory formalism, implementing the electroweak chiral symmetry breaking SU(2)i x SU(2)fi —> SU(2 )/,+r, 
which couples the heavy states to the SM helds. At low energies, the heavy degrees of freedom are integrated out 
from the action and their effects are hidden in the low-energy couplings of the Electroweak Effective Theory, which 
can be tested experimentally. Short-distance constraints are also implemented, requiring a proper behaviour in the 
high-energy regime. We analyze the phenomenological constraints from the oblique parameters S and T, at the next- 
to-leading order. Our results show that present data allow for strongly-coupled scenarios with massive bosons above 
the TeV scale. 
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1. Introduction 

The LHC found a Higgs boson with the properties 
predicted by the Standard Model (SM). This discovery 
has completed the last piece of the puzzle, confirming 
the SM paradigm in particle physics. At the moment, 
there is no clear evidence of new physics below the TeV 
scale and the possibility of an energy gap gains impor¬ 
tance. Eor this reason, effective field theories turn out to 
be a proper approach to search for new physics. The in¬ 
formation on the high-energy degrees of freedom stays 
in the Low-Energy Constants (LECs) of the effective 
theory and they can be tested experimentally. 
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The Electroweak Effective Theory (EWET) provides 
a powerful framework to study many of the open ques¬ 
tions which remain unanswered within the SM. In this 
direction, one obvious next step consists in adding new 
heavier states to the effective theory and investigate their 
possible signals at low energies. 

In this article we study a simplified scenario with 
massive spin-1 triplets interacting with the bosonic sec¬ 
tor of the electroweak theory. A more complete analysis 
can be found in Em. In section]^ we build the corre¬ 
sponding effective description which is then matched to 
the low-energy EWET in section]^ and hence the LECs 
are determined. Another kind of conditions come from 
the ultraviolet (UV) completion of the effective theory. 
Thus, in section some high-energy constraints must 
be imposed so that the theory is well-behaved. Phe¬ 
nomenology is analyzed in section]^ where the oblique 
parameters S and T become a key factor in order to set 
bounds on the Resonance Theory parameters. Einally, 
some brief conclusions are given in section]^ 
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2. Building the Resonance Theory 


We call Resonance Theory to the effective field the¬ 
ory description which includes the SM particle content 
plus the additional massive states. We assume the SM 
pattern of Electroweak Symmetry Breaking (EWSB), so 
the theory is symmetric under G = SU(2)/,xSU(2)r and 
gets spontaneously broken to the custodial subgroup 
H = SU(2)£+r. In this article, we perform a simplified 
analysis of the resonance theory: 

• Only the bosonic sector is studied. We consider 
the SM gauge bosons, the electroweak Goldstone 
bosons (/f and one Higgs-like scalar field h, with 
mass OT/, = 125 GeV, which is singlet under H. 

• The resonance content is reduced to one vector and 

one axial-vector triplets, V^v and We will 

use the antisymmetric formalism to describe these 
spin-1 fields |[3^5l. 


• We assume that parity is a good symmetry of the 
strongly-coupled underlying theory. 


According to these considerations, the lowest-order 
(LO) resonance interaction Lagrangian is 


.if = 


-I- 


-t- 


2 K\y 


Fa 




2V2 2V2 

V2df 5^/r<A/'X>, 


( 1 ) 


where the brackets stand for the SU(2) trace, and m^, 
are chiral building blocks that involve Goldstone 
and gauge bosons, in agreement with the notation of 
Refs. Hi 0. The constant Kyy measures the deviation 
from the SM in the Higgs coupling to the electroweak 
Goldstones. A more complete analysis of the Res¬ 
onance Theory, including the fermion sector, can be 
found in Ref. HI. 


3. Constraining the EWET: Determination of the 
LECs 


in the momentum expansion, i.e., chiral O(p^). Replac¬ 
ing the resonance fields in Eq. Q by these solutions, 
we obtain an 0{p^) EWET Lagrangian. As an example, 
we provide the resulting subset of low-energy operators 
for the parity even, purely bosonic sector without Higgs 
fields (the Longhitano’s Lagrangian ISl): 

+ ^(a2-a3)</r[«/i>Mv]) 

+ 04 { u^Uy ) { u^u'’ ) + a^i 
+ \H,{f'^''fy,y+frf-^y). ( 2 ) 


Once the resonances are integrated out, we obtain the 
following estimation for these LECs: 


ai 
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^2 ” ^3 = ” 


4Ml 
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H, = 


ml 


ml 


( 3 ) 


The adopted procedure is completely analogous to the 
one developed in QCD to perform the matching between 
Chiral Perturbation Theory ll9 UT^ and Resonance Chi¬ 
ral Theory OHS]US. 


4. High-energy constraints 

Although the true fundamental electroweak theory re¬ 
mains still unknown, we can use the Resonance Theory 
as an effective framework which allows us to interpolate 
between the low-energy EWET description of Green 
functions and its assumed UV behaviour. We can then 
impose some properties that well-behaved high-energy 
theories must satisfy. As a consequence, new constrains 
arise. 


The EWET is the low-energy effective field theory 
with the same pattern of EWSB, but with only the SM 
particle content. It can be obtained from the underlying 
Resonance Theory by integrating out the heavy fields 
from the action. The information on the high-energy 
degrees of freedom (the resonances) is encoded in the 
free parameters of the theory, the so-called LECs. 

In order to estimate these parameters, we calculate 
the solution of the resonance equations of motion at LO 


4.1. Form factors 

If we consider the interaction Lagrangian in Eq. Q 
and we calculate the two Goldstone boson vector form 
factor we obtain EH: 


FlSs) = 1 + 


FvGv 


‘ ' v2 Ml-s 


( 4 ) 
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A similar calculation of the scalar-Goldstone matrix 
element of the axial-vector current results in the axial 
form factor 0121: 


</!(/7i)<^(/72)I^^|0) = iPl - Plf F^^is) , 


Ft^is) = Kw 


/ 

1 -H 

\ 


KwV M^ - sj ' 


(5) 


Demanding the Resonance Theory to have a good UV 
completion, these two form factors should fall as 0(1/s) 
miia and hence we get the conditions: 

Fy Gy — , Fa /Ij'^ = Kw V . (6) 


These high-energy constraints allow us to re-express 
the LECs in Eq.([^ in terms of only the resonance 
masses: 




r 1 
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( 12 ) 


4.2. Weinberg Sum Rules 

The two-point correlation function of a left and a 
right currents is an order parameter of (chiral) EWSB. 
In asymptotically-free gauge theories the difference 
nvv('S) - n4A('S) vanishes at i —> co as 1 / 1161. This 
implies UV super-convergence properties, which have 
been largely used in QCD 0|4l, the so-called Weinberg 
Sum Rules (WSRs) Ol. In the electroweak case, they 
constrain the gauge boson self-energies: 

1 r“ 

ds [Imnvv(s) - ImnAA(s)] = , (7) 

^ Jo 

ds s [Imnvv(s) - ImnAA(s)] = 0. (8) 

The first WSR in Eq. 0 is also valid in gauge theories 
with non-trivial UV fixed points IfTSl . but the second one 
could be questionable in some Conformal Ha or Walk¬ 
ing II20I Technicolour scenarios. Eor this reason, in the 
forthcoming sections we will consider separately the ap¬ 
plication of the 1st WSR and the two of them combined. 

Calculating these two sum rules with our effective La- 
grangian in Eq. Q, we obtain at LO: 

Fl-Fl = v^, (9) 

fImI-FImI = 0 . ( 10 ) 

Note that these two conditions together imply My < 
Ma. At Next-to-Leading Order (NLO), i.e., one loop, 
and taking into account the constraints in Eq. (|^, the 
2nd WSR gives the additional relation 0171: 

Ml 

Kw - ■ (11) 

Ml 



5 . Phenomenology: Oblique Parameters 

Up to this point, we are dealing with seven parame¬ 
ters (Fy, Gy, Fa, Kw, My, Ma) and hve constraints. 
Hence, the parameter space has been remarkably re¬ 
duced. The next step consists in relating these pre¬ 
dictions with the data through the oblique parameters, 
which measure the possible presence of new-physics ef¬ 
fects in the gauge boson self-energies. We focus on the 
parameters S and T CSl. The first one parametrizes 
new physics contributions to the difference between the 
Z boson self-energy at = M^ and - 0, while the 
parameter T measures the breaking of custodial sym¬ 
metry. A global ht to the electroweak data gives ETII : 


5=0.05 + 0.11, r = 0.09 + 0.13. (13) 


In order to calculate these quantities we use the inter¬ 
action Lagrangian 0. At LO, only the S parameter is 
non zero: 


5 LO 


Ml Ml) ’ 


Tlo = 0. (14) 


Applying the 1st WSR condition in Eq. 0 and assum¬ 
ing Ma > My, this implies a lower bound on the S pa¬ 
rameter 0121: 




< S LO 


An 


M\ 


+ F‘^ 

2 ^ ^ A 




Mil 


.(15) 


If we impose both the 1st and 2nd WSR conditions 0 
and ( [T0| , an upper bound is obtained too 0121: 




< S LO 




+ 


Ml; 

Ml) 


< 


■ 


(16) 


In this case, a big splitting of the resonance masses im- Given these LO results, the resonance masses are bound 

plies a big deviation from the SM in the Higgs coupling to be Ma > My >1.5 TeV, and thus much heavier than 

to and ZZ (*^^ = 1). the Higgs mass. 
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Figure 1: Allowed 68% CL region when only the 1 st WSR is imposed. 
The grey and blue areas correspond to large (0.02 < MylM^ < 0.2) 
and small (0.2 < MylM^ < 1) splittings, respectively dH). 


The NLO corrections can be computed by means of 
the dispersive representations illllllll: 


S 

T 


167T 

8 ^ tan 0 w 
47T 

COS^ 



[ps(s)-ps(s)'^"], 

[prW-prW""],(17) 


being ps(s) the spectral function of the W 3 B correlator 
and pris) the spectral function of the difference between 
the self-energies of the neutral and charged Goldstone 
bosons. We work at LO in the gauge couplings g and 
g' and only the lightest two-particle cuts have been con¬ 
sidered, since higher-energy channels with massive res¬ 
onances are very suppressed Ea. 

If only the 1st WSR is imposed, the oblique parame¬ 
ters at NLO turn out to be EH: 
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(19) 


For the parameter 5 just a lower bound in terms of the 
resonance masses and kw can be set. Again, My < Ma 
is assumed. Figure [T] represents the allowed 68% CL 
region in the plane {Ky/,My), varying MyfMA between 



-0.4 -0.2 0.0 0.2 0.4 


S 

Figure 2: Allowed 68%, 95% and 99% C.L. regions for the oblique 
parameters S and T, with both WSRs assumed. The grid shows differ¬ 
ent values for the parameters kw (0.00,0.25,0.50,0.75,1.00) and My 
(from 1.5 to 6.0 TeV, at intervals of 0.5 TeV). The arrows indicate the 
growing directions of these parameters 00. 


0.02 and 1. Values of the Higgs gauge coupling kw 
very different from the SM can only be obtained with 
a large splitting of the vector and axial-vector masses. 
For 0.5 < Mv/Ma < 1, masses above 1.5 TeV are re¬ 
quired and Kw > 0.84 at 68% CL. 

Combining both WSRs at NLO, we can express 
the oblique parameters in terms of just the resonance 
masses: 


> NLO - 


- 47TV^ 


Ml 


Mh 
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12^ 
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Ml 11 m 2 m 2 
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Ml mi \ 

- j 1 -1- log —^ 

Miy Ml) 

+ 0 

' K ' 
[mIa) 


■ ( 21 ) 


Figure]^ shows different CL regions of the S and T pa¬ 
rameters. We can see how values of Ky/ close to 1 fit 
inside the ellipses and heavier resonance masses are pre¬ 
ferred. We obtain Ky/ e [0.97,1], My > 5 TeV at 68% 
CL, and kw 6 [0.94,1], My > 4 TeV at 95% CL. These 
results agree with the LHC findings and set more strin- 
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gent bounds with only one mild hypothesis: the validity 
of the second WSR. 


6. Conclusions 

Strongly-coupled scenarios are still a great open pos¬ 
sibility for new physics beyond the SM. Using an effec¬ 
tive field theory approach which implements the known 
pattern of EWSB, we have analyzed generic couplings 
of spin-1 massive states to the SM Higgs, electroweak 
Goldstones and gauge bosons. A much more general 
situation is considered in Ref. m. 

Integrating out the massive resonances, we have iden¬ 
tified their effects on the LECs of the EWET. If future 
LHC data finds out a non-zero contribution in any of 
those LECs, one could then infer information about the 
hypothetical origin of that effect. 

Studying the short-distance properties of Green func¬ 
tion in the Resonance Theory and requiring a proper UV 
behaviour, one finds constraints on the resonance cou¬ 
plings which in turn allow for much sharper predictions 
on the EWET LECs. 

We have also performed a one-loop calculation of 
the oblique parameters S and T within this framework. 
The results are compatible with the current experimen¬ 
tal data and pin down the gauge coupling of the Higgs- 
like boson to be close to the SM predictions, with better 
accuracy than the direct LHC measurements. Impos¬ 
ing only the 1st WSR, which is expected to be valid in 
all reasonable dynamical scenarios, our analysis shows 
that the vector and axial-vector states should be heavier 
than 1.5 TeV to comply with the electroweak precision 
data. Stronger bounds arise when the 2nd WSR is as¬ 
sumed too; one finds then that My < Ma, and a small 
splitting between these two masses is favoured by the 
experimental data. 
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